These experiments examined the effects of moderate hypothermia on mortality and neurological def icits observed after experimental traumatic brain injury (TBI) in the rat. Brain temperature was measured contin uously in all experiments by intraparenchymal probes, Brain cooling was induced by partial immersion (skin pro tected by a plastic barrier) in a water bath (OOe) under general anesthesia (1.5% halothane170% nitrous oxide/ 30% oxygen). In experiment I, we examined the effects of moderate hypothermia induced prior to injury on mortal ity following fluid percussion TBI. Rats were cooled to 36°e (n = 16), 33°e (n = 17), or 300e (n = II) prior to injury and maintained at their target temperature for I h after injury. There was a significant (p < 0.04) reduction in mortality by a brain temperature of 30oe. The mortality rate at 36°e was 37.5%, at 33°e was 41 %, and at 300e was Abbreviations used: ANOYA, analysis of variance; TB1, trau matic brain injury,
The cerebral protective effects of profound hypo thermia «18°C) have been known for many years. As early as 1950, reports of cerebral protection from global ischemia by profound hypothermia in animals stimulated clinical interest (Mohri and Me rendino, 1969) . By 1955, 100 cardiac surgical cases had been performed under deep hypothermia with cardiac arrest (Mohri and Merendino, 1969) . As pump oxygenators became more efficient, deep hy pothermia and cardiac arrest were only occasion ally used in adult cardiac surgery (Crawford and Saleh, 1981) . In pediatric cardiac surgery, however, conditions were encountered routinely where total cessation of circulation at temperatures of 17-20°C 9.1 %. In experiment II, we examined the effects of mod erate hypothermia or hyperthermia initiated after TBI 01 long-term behavioral deficits. Rats were cooled to 36°e (I = 10), 33°e (n = 10), or 300e (n = 10) or warmed to 38°( (n = 10) or 400e (n = 12) starting at 5 min after injury an( maintained at their target temperatures for I h. Hypother mia-treated rats had significantly less beam-walking beam-balance, and body weight loss deficits compared t( normothermic (38°C) rats. The greatest protection wa: observed in the 300e hypothermia group, Since a temper ature of 300e can be induced in humans by surface cool ing without coagulopathy or ventricular fibrillation, hy pothermia to 300e may have potential clinical value fOJ treatment of human brain injury. Key Words: Hypother mia-Performance deficits-Traumatic brain injury Mortality, (Rittenhouse et aI., 1974; Sade et aI., 1975) was nec' essary. This technique has been used with period5 of cerebral ischemia of up to 60 min (Rittenhouse el aI., 1974) and is in current use. Although there i5 contradictory evidence regarding subtle long-term neurologic sequelae of circulatory arrest under deeJ: hypothermia, results are generally satisfactory (Brunberg et aI., 1973; Dickinson and Sambrooks, 1979; Wright et aI., 1979) .
Neurosurgical experience with deep hypothermia as a means of cerebral protection was less satisfac· tory. Drake used hypothermia to 10-15°C with cir· culatory arrest for surgical treatment of 10 difficul1 aneurysms (Drake et aI., 1964) . While surgical ex posure was excellent, postoperative bleeding during rewarming and neurologic deficits led him to aban don the technique. Uihlein et al. (1966) reported 67 patients with aneurysms similarly treated at the Mayo Clinic from 1960 to 1965. These surgeons de scribed excellent exposure, but reported a 14.5% mortality rate related to extracorporeal circulation and problems with bleeding during rewarming (Uihlein et aI., 1966) . Similar experiences by others led to the virtual abandonment of deep hypothermia (8-18°C) with circulatory arrest in neurosurgery.
Interest in cerebral protection by hypothermia has been renewed recently as a result of observa tions of marked protection in weB-characterized ischemia models by levels of hypothermia not here tofore known to have protective properties (30-35°C) (Busto et aI, 1987; Clifton et aI. 1989b ). The protection exerted by 4-8°C hypothermia in isch emia models is substantially greater and more con sistent than the levels of protection achievable by pharmacologic agents (Clifton et aI., 1989b) . These levels of hypothermia do not require cardiopulmo nary bypass and are not associated with coagulop athies in humans.
Because of the low clinical toxicity of brief peri ods of surface cooling and the exceptional protec tion in models of experimental ischemia by moder ate hypothermia, the present experiments tested this technique in experimental traumatic brain in jury (TBI). We evaluated the effect of reduction of brain temperature to 30, 33, and 36°C upon mortal ity if induced prior to fluid percussion TBI in the rat. We also investigated the effect of induction of brain temperatures of 30, 33, 36, 38, and 40°C upon long-term neurologic deficits when administered up to 40 min after TBI.
METHODS

Surgical preparation
All animals were surgically prepared under sodium pentobarbital anesthesia (54 mg/kg, intraperitoneal) 24 h prior to injury. Animals were placed in a stereotaxic frame and the scalp was surgically incised. A hole of 4.8 mm diameter was trephined into the skull over the sagittal suture midway between the lambda and bregma. Two stainless steel screws were placed I mm rostral to the bregma and I mm caudal to the lambda. A rigid plastic injury tube [modified Luer-loc syringe hub, 2.6 mm inner diameter (Becton Dickinson and Company)] was placed over the exposed dura and bonded with cyanoacrylate adhesive. A small burr hole was drilled 3.5 mm anterior and 3.0 mm lateral to the bregma. A guide cannula (mod ified 20-gauge, 1.5-inch syringe needle) for the tempera ture probe was glued to the surface of the skull over the burr hole. Dental acrylic was then poured around the in jury tube, the stainless steel screws, and the guide tube. After the acrylic had hardened, the injury tube was plugged with Gelfoam sponge, the scalp was sutured closed, and the animal returned to its home cage.
Temperature measurement and manipulations
Frontal cortex brain temperature was monitored, with a digital electronic thermometer (Omega Engineering, Inc., model # DP 80) with a 0.15 mm diameter tempera-ture probe (Omega Engineering, Inc., model HYP-033-I -T-G-60-SMP-M) inserted 4.0 mm ventral to the sur face of the skull. The probe was removed prior to fluid percussion injury and replaced immediately after injury. Rectal temperatures were measured with an analogue electronic thermometer (YSI Telethermometer model 43TE) and temperature probe (YSI series 400). Brain tem peratures of 30 and 33°C were achieved by immersing the body of the anesthetized rat into ice-cold water (O°C). The skin and fur of all animals were protected from direct contact with the water by placing the animal in a plastic bag (head exposed) prior to immersion in the water. An imals were removed from the water bath when brain tem perature had fallen to within 2°C of target. Target brain temperatures were maintained under general anesthesia in room air by intermittent application of ice packs as needed. A brain temperature of 36°C was achieved spon taneously by general anesthesia, though ice pack or heat lamp applications were occasionally needed to maintain this temperature. Brain temperatures of 38 and 40°C were achieved by application of a heat lamp to the head.
Injury
A fluid percussion device was used to produce exper imental TBI and has been described in greater detail else where (Dixon et aI., 1987; Clifton et aI., 1989a) . This de vice consists of a Plexiglas cylindrical reservoir, 60 cm long and 4.5 cm in diameter, bounded at one end by a rubber-covered Plexiglas piston mounted on 0 rings. The opposite end of the reservoir is fitted with a transducer housing ending with a 2.6 mm inside diameter Luer-loc fitting. The entire system is filled with 37°C isotonic sa line. Injury is induced by the descent of a metal pendulum striking the piston, thereby injecting a small volume of saline epidurally into the closed cranial cavity and pro ducing brief displacement and deformation of neural tis sue. The resulting pressure pulse is measured in atmo spheres by an extracranial transducer (Statham PA 85-100) and recorded on a storage oscilloscope (Tektronix 5111).
Fluid percussion has been widely used by a number of laboratories and produces many features of brain injury resembling pathophysiological responses seen in human brain injury. These include brief pressure transients sim ilar to those recorded in human cadaver skulls during sudden impact, reduction or abolition of cerebrovascular responsiveness to changes in carbon dioxide and oxygen tension (Pco2 and Po2, respectively) and loss of pressure autoregulation (Lewelt et aI., 1982) . Fluid percussion in jury in the rat produces neurological signs of areflexia, flaccid coma, and stupor similar to those reported in other species and humans lasting up to 10 min after injury (Dixon et aI., 1987) . This model produces motor deficits lasting as long as 7 days following moderate levels of injury (Dixon et aI., 1987) . Similar to the cat model of fluid percussion injury, no evidence of ischemia has been observed in the rat at moderate levels of injury used in these experiments (DeWitt et aI., 1986) .
Outcome measures
In addition to mortality (death within 5 days of injury), we assessed components of gross vestibulomotor func tion in the rat using a beam-balance task. This consisted of placing the animal on a suspended (1.0 m above the floor), narrow wooden beam (1.0 cm wide) and rating the animal's behavior for 60 s (Table 1) . Training consisted of Components of fine motor coordination in the rat were assessed using a beam-walking task. Two days prior to injury, rats were trained to escape a bright light and loud white noise by traversing a narrow wooden beam (2.0 x 100.0 cm) to enter a darkened goal box at the opposite end of the beam. During training and testing, animals were placed at one end of the beam close to the source of light and noise. The noise and light were terminated when the rat entered the goal box at the opposite end of the beam. Four steel pegs (3.0 mm diameter, 4.0 cm high) were placed in an alternating sequence along the beam to in crease the difficulty of the task. Performance was as sessed by measuring the animal's latency to traverse the beam. Data for each daily session consisted of the mean of three trials.
Body weight was measured prior to injury and daily for 5 days after injury. Behavioral testing was conducted by experimenters who were uninformed as to which temper ature group the animals were assigned. Mortality was as sessed for 5 days after injury.
Experimental design
Experiment I: hypothermia induced prior to injury. This experiment was designed to determine the effects of varying degrees of brain hypothermia induced prior to injury on mortality within 5 days after injury. Forty-four rats were assigned by Latin-square design to one of three brain temperature groups: 30°C (n = 11), 33°C (n = 17), or 36°C (n = 16). Rats were initially anesthetized with methoxyflurane and maintained under general anesthesia with 1.5% halothane in 70% nitrous oxide and 30% oxy gen via a nose cone. Animals were injured at 2.10-2.25 atm as soon as the appropriate target temperature was achieved. Target brain temperatures were maintained for 60 min after injury. Anesthesia was then discontinued and animals were allowed to rewarm spontaneously in a room air environment (2SOC).
Experiment II: hypothermia and hyperthermia induced after injury. This experiment was designed to determine the effects of varying brain temperatures initiated 5 min after TBI on behavioral outcome measures. Fifty-two surviving rats of a group of 64 rats were assigned by Latin-square design to one of five brain temperature groups: three hypothermic groups at 30°C (n = 10), 33°C (n = 10), and 36°C (n = 10), one hyperthermic group at 40°C (n = 12), and one 38°C group (n = 10). Previous work (Jiang et aI., 1990) determined that the normal brain temperature in unanesthetized rats was 38°C. Rats were anesthetized as in experiment I and injured at 2.10-2.25 J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 atm. Brain temperatures were maintained at 38°C prior to and for 5 min after injury by application of a heat lamp to the head. Cooling or heating was initiated 5 min after injury and was maintained for 1 h after the target temper ature was achieved. Body weight, beam-balance score, and beam-walking latencies were assessed for 5 days after injury. Group mortality rates in this experiment did not include deaths that occurred during the first 5 min after injury. Since 90% of deaths in this model occur within 5 min of injury, mortality could not be used as an end point in postinjury treatment. Deaths occurred prior to treat ment.
Statistical analysis
Data for beam-balance and beam-walking measures were analyzed using repeated-measures analysis of vari ance (ANOY A), followed by a Duncan multiple range post hoc test when appropriate. Data for body weight measures were analyzed using ANOYA on each day, fol lowed by a Duncan mUltiple range post hoc test when appropriate. Nonparametric mortality data were analyzed with Daly's test for trends. Significance levels were set at p < 0.05.
RESULTS
Experiment I: hypothermia induced prior to injury
The time course of brain cooling to each target temperature is illustrated in Fig. I . The mortality rates for the 30, 33, and 36°C groups were 9.1% (1/11), 41.2% (7/17), and 37.5% (6/16), respectively. There was a significant reduction in mortality with a brain temperature of 30°C (Z = 1.73, p < 0.04).
Experiment II: hypothermia and hyperthermia induced after injury
The time course of brain cooling or heating to each target temperature is illustrated in Fig. 2 . No significant mortality differences were observed be tween groups since two animals died in the 40°C group and no animals died in the other groups after hypothermia was induced.
Beam-balance score deficits (Fig. 3) Beam-walking latency deficits (Fig. 4) were sig nificantly reduced in the 30°C group compared to the normothermic group [F(1, 18) = 12.20, p < 0.003]. Deficits in the 33 and 36°C groups tended to be reduced compared to the normothermic group [F(l,18) = 3.40, p < 0.08 and F(1,18) = 4.13, p < 0.06, respectively]. The 40°C group did not differ Body weight differences between groups (Fig. 5 ) were significant on day 4 [F(4,45) = 4.02, p < 0.01] and day 5 after injury [F(4,45) = 2.81, p < 0.04]. On these days, the 30°C group weighed significantly more than the normothermic group (t test, p < 0.05).
DISCUSSION
We have shown that following moderate TBI, there is a significantly reduced mortality at a brain temperature of 30°C compared to 33 and 36°C. Hy pothermia to 30°C induced prior to TBI resulted in 20 40 60 80 100 120 140 Time ( min) a 9.1% mortality compared to 41.2% at 33°C and 37.5% at 36°C. These data have also shown that brain temperatures of 36°C achieved 10 min after injury, 33°C achieved 25 min after injury, and 30°C achieved 40 min after injury substantially reduced performance deficits on both beam-walking and beam-balance tasks associated with experimental TBI. The greatest magnitude of protection was ob served at 30°C. Hypothermia to 30°C also significantly reduced the 15% to 20% weight loss seen over a 5-day period following injury. In humans, increased resting met abolic rates associated with increased protein ca tabolism also result in similar magnitudes of weight 0 -0 30 degrees Day post-injury loss even with hyperalimentation (Clifton et at., 1985) . However, the metabolic response of the ro dent to TBI has not been sufficiently characterized to determine its comparability to human responses. Our results did not define the extreme parameters of hypothermic protection to injured brain. Brain temperatures lower than 30°C or a longer duration of hypothermia may possibly provide even greater protection. However, longer durations (24-48 h) of moderate hypothermia to 27-29°C have been re ported to have detrimental effects in ischemic and normal animals (Steen et aI., 1979 (Steen et aI., , 1980 . Brain temperatures higher than 40°C may also produce significant detrimental effects (Minamisawa et aI., FIG. 4 . The effects of moderate hy pothermia or hyperthermia on beam-walking performance. Data points represent the mean latency (±SEM) prior to injury (day 0) and for 5 days after injury. Cooling or warming to target temperatures was initiated 5 min after injury. As terisks mark statistically significant differences from the 3aoC group on the same day. Hypothermia signifi cantly reduced the magnitudes of deficits. 1989) . It is also important to note that animals in the lower brain temperature groups, which were more protected, achieved target temperatures later after injury and had a longer total duration of subnormo thermic brain temperature (see Fig. 2 ). For exam ple, animals that were reduced to a brain tempera ture of 30°C required a 20 min longer duration in the ice water bath than those reduced to a brain tem perature of 33°C. Thus, the increased protection with deeper magnitudes of hypothermia that we have attributed to lower absolute brain tempera tures could be confounded by their longer duration of subnormothermic brain temperature. The effects of moderate hy pothermia or hyperthermia on body weight. Data points represent the mean weight (±SEM) prior to injury (day 0) and for 5 days after injury. Cooling or warming to tar get temperatures was initiated 5 min after injury. Asterisks mark sta tistically significant differences from the 38°C group on the same day. Rats cooled to 30°C lost signif icantly less weight than normother mic rats on days 4 and 5 after in jury. ported for hypothermic protection in other brain in sult models. For example, mortality was reduced by hypothermia of 27°C in hypoxic rats (Carlsson et ai., 1976) and by hypothermia of 29°C in hypoxic ischemic rats (Young et ai., 1983) . Partial histolog ical protection by hypothermia to 34°C or complete protection by hypothermia to 30-33°C has been re ported following cerebral ischemia in the rat (Busto et ai., 1987) . Complete histological protection by hypothermia to 32-35°C has also been reported in a gerbil model of forebrain ischemia (Clifton et ai., 1989b) .
o The mechanisms of hypothermic protection ob served following TBI are not known. However, in vestigators of hypothermic protection following ischemia have proposed a number of possible pro cesses. For example, hyperthermia has been shown to increase and hypothermia to decrease intracellu lar acidosis during ischemia and reperfusion (Nor wood and Norwood, 1982; Chopp et ai., 1988 Chopp et ai., , 1989 . However, significant acidosis has not been reported in the fluid percussion model of TBI (Ish  ige et ai., 1987; Vink et ai., 1987) . Hypothermia is known to reduce brain metabolic requirements, which may diminish the impact of substrate-limiting neural insults such as edema, hypoxia, and hypo glycemia (Siesj6, 1978) . However, substrate limita tion in moderate TBI has not been demonstrated (Ishige et ai., 1987; Vink et ai., 1987) . Hypothermia has been shown to stabilize brain edema in models of cortical cold lesion in dogs (Rosomoff et ai., 1960) , cats (Laskowski et ai., 1960) , and monkeys (Clasen et ai., 1968) . However, brain edema is not a prominent feature in our model of TBI. Cerebral hypothermia of 30 and 33°C has been shown to in-2 4 5
Day post-injury hibit completely the sevenfold increase in brain glu tamate and produce a 60% attenuation of a 500-fold increase in dopamine after global ischemia at cere bral temperatures of 30 and 33°C (Busto et ai., 1989) . Neurotransmitter surges (glutamate and ace tylcholine) have also been reported following TBI in the rat (Katayama et ai., 1988; Faden et ai., 1989; Gorman et ai., 1989) . Additionally, pharmacological blockade of N-methyl-D-aspartate glutamate recep tors or muscarinic cholinergic receptors have re duced behavioral deficits following TBI in the rat (Hayes et ai., 1988; Lyeth et ai., 1988; Faden et ai., 1989) . Thus, reduction of agonist-receptor interac tions by inhibition of neurotransmitter release is a plausible mechanism mediating hypothermic pro tection in our model. We have shown that in this model of experimen tal TBI, a cerebral temperature of 30°C provides significant protection, even when achieved as late as 40 min after injury. These findings suggest the potential clinical therapeutic importance of moder ate hypothermia for treating moderately brain injured patients. The beneficial effects of moderate hypothermia reported in experimental models of traumatic and ischemic brain injury suggest that hy pothermia may also benefit the patient with severe brain injury who often sustains both vascular and mechanical brain insults. Deep hypothermia «18°C) has been tested intensively in neurosurgery in an attempt to simplify aneurysm surgery (Patter son and Ray, 1962; Drake et ai., 1964; Uihlein et ai., 1966) . However, due to postoperative bleeding complications following deep hypothermia (Drake et ai., 1964; Uihlein et ai., 1966) and the necessity of cardiopulmonary bypass, this procedure was essen-tially abandoned. Complications with moderate hy pothermia are less likely. Ventricular fibrillation is unlikely to occur at temperatures above 28°C (Blair, 1984; Mouritzen and Andersen, 1966) . In fact, myocardial contractility has been reported to in crease with cooling until temperatures of 28°C are reached (Badeer, 1967) . Therefore, surface cooling without heparinization can be used to achieve core temperatures of 30°C with little myocardial risk and reduced or eliminated risk of hemorrhage. The potential for hypothermia of 30°C to improve neu rologic recovery after brain injury in humans will require testing.
